Abstract
Introduction
Virus attachment/adsorption to host cells is a dynamic multistep event. The cell entry pathways for viruses are fundamentally defined by interactions between the viruses and their receptors at the cell surface. These interactions regulate mechanisms of virus attachment, uptake, and ultimately, penetration into the cytosol. Identification of receptors on host cells that are exploited by viruses for entry, and subsequently initiating infection, has DOI: 10.1159/000489308 garnered significant attention due to their importance as a determinant of the host range, tissue tropism, and virulence of a virus [1] . Viruses may utilize multiple host cell surface attachment factors (receptors) sequentially, or in a cell-type-specific manner to enter permissive cells; coreceptors may also be involved [2] . While some viruses exploit a phylogenetically conserved receptor, other viruses have been reported to attach to multiple receptors on different cell types [2, 3] .
Identification of receptors have been an exciting arena in the context of Alphaviruses since the members of this group exhibit an enormous host range comprising both invertebrate and vertebrate hosts [1] . Chikungunya virus (CHIKV), an Old World alphavirus (Family Togaviridae, genus Alphavirus, species Chikungunya virus), is the causative agent of chikungunya disease. A number of chikungunya epidemics have been reported since the first documented 1952-1953 CHIKV outbreak in East Africa and Austral Africa (Tanzania, Uganda, and Zimbabwe) [4] , resulting in widespread dissemination of the virus globally [5] . The disease is characterized by abrupt onset of high fever, headache, back pain, myalgia, and intense polyarthralgia, mainly affecting the extremities (ankles, wrists, and phalanges) and also large joints [6] .
CHIKV is a small (about 60-70 nm in diameter), spherical, enveloped, single, positive-stranded RNA virus containing 11,805 nucleotides [7] . The genome comprises two open reading frames encoding nonstructural (nsP1, nsP2, nsP3, nsP4) and structural (C, E3, E2, 6k, E1) polyproteins. CHIKV glycoproteins E1 and E2, which are the main antigenic determinants and form an icosahedral shell at the virion surface, also mediate the invasion of susceptible cells. CHIKV is known to enter the host cell by receptor-mediated endocytosis [8] . The 50-kDa E2 glycoprotein of CHIKV, a type I transmembrane glycoprotein, is responsible for binding host cell surface receptors, while the E1 glycoprotein is a class II fusion protein that mediates fusion of the viral and host cell membranes during virus entry [9, 10] . Apart from a few reports, the entire repertoire of host cell surface molecules that CHIKV employs as receptor/s has not been completely delineated. Prohibitin has been identified as a CHIKV receptor on human microglial cells (CHME-5) [11] . ATP synthase β subunit (ATPSβ) was found to be involved in CHIKV entry into C6/36 cells, suggesting a conserved virus-arthropod interaction [12] . Our study was designed to identify the CHIKV-interacting proteins on C6/36 cells and to ascertain the role of the interacting protein/s as putative CHIKV receptor/s by performing a series of experiments including infection inhibition assays.
Materials and Methods

Growth of Cells and Propagation of CHIKV in Tissue Culture
CHIKV strain DRDE-06 (GenBank accession number: EF210157.2), which does not contain the A226V mutation in the E1 gene, was used in this study [13] . CHIKV was propagated in Vero cells grown in Dulbecco's modified Eagle's media (DMEM) (Gibco, USA). The titer of the CHIKV stock grown in Vero cells was established to be 10 7 PFU/mL. C6/36 cells were grown in Mitsuhashi and Maramorosch (M&M) insect media (HiMedia Labs, India). The complete growth media consisted of basal medium supplemented with 10% fetal bovine serum (FBS) (Sigma-Aldrich, USA). Mammalian cell lines were allowed to grow at 37 ° C in a 5% CO 2 incubator whereas the mosquito cell line C6/36 was incubated at 27 ° C.
Infection of C6/36 Cells with CHIKV
Briefly, C6/36 cells (0.05 × 10 6 cells/mL) were seeded on sterile coverslips in 24-well tissue culture plates and allowed to grow overnight until they reached 80% confluence. Cells were then infected with CHIKV at a multiplicity of infection (MOI) of 1. The virus was allowed to adsorb on to the cells for 45 min at room temperature with gentle rocking. The inoculum was then withdrawn and basal media with 5% FBS was added. Tissue culture plates were incubated for 48 h and examined under microscope at regular intervals post-infection (PI) to observe virus-induced cytopathic effects.
Indirect Immunofluorescence Assay
CHIKV infection of C6/36 cells was confirmed by indirect immunofluorescence assay (IFA). Infected cells were fixed using 4% paraformaldehyde and coverslips were then washed twice with sterile phosphate-buffered saline (PBS). Permeabilization was carried out using 0.3% Triton X-100 for 10 min at 4 ° C, followed by blocking with 5% skimmed milk powder for 30 min at room temperature. Primary incubation was performed with anti-eastern equine encephalitis virus monoclonal antibody (Cat. No. MAB8754; Chemicon International, USA) for 2 h followed by incubation with FITC-tagged secondary conjugate (Cat. No. 621120380011730; GeNei, Merck, India) for 1 h at room temperature in a humid chamber. Anti-eastern equine encephalitis monoclonal antibody exhibits cross-reactivity to the CHIKV envelope region [14] . Coverslips were thoroughly washed with PBS, mounted in buffered glycerol saline on clean glass slides, and observed under a fluorescent microscope (Eclipse TS 100; Nikon, Japan). Uninfected cells were included as control.
Membrane Protein Preparation and Virus Overlay Protein Binding Assay
The cell membrane proteins of C6/36 were prepared as described earlier [15, 16] . Briefly, monolayers of C6/36 cells were detached by 5 mM EDTA solution (pH 7.4). Cells were pelleted down by centrifugation at 3,000 rpm for 10 min. The supernatant was discarded and the cell pellet was incubated with buffer M (100 mM NaCl, 20 mM, Tris base [pH 8], 2 mM MgCl 2 1 mM EDTA and 1 mM β-mercaptoethanol) for 20 min on ice. The cells were disrupted by 5-6 clean strokes in a Dounce homogenizer. The suspension was centrifuged at 2,500 rpm for 20 min at 4 ° C. The clear supernatant was collected and centrifuged at 18,000 rpm for 30 min at 4 ° C. The supernatant was discarded and the pellet contain-ing cell membrane proteins was dissolved in buffer M without β-mercaptoethanol. The concentration of membrane proteins thus obtained was estimated using a spectrophotometer (NanoDrop 2000/2000c; Thermo Scientific, USA).
The purified C6/36 cell membrane proteins (50 µg/well) were subjected to sodium-dodecyl sulfate-10% polyacrylamide gel electrophoresis (40 W constant) (SDS-PAGE) followed by Western blotting (100 mA constant) onto a nitrocellulose membrane (BioRad, USA). Following overnight blocking using 5% skimmed milk powder, the membrane was washed thrice (5 min each) with PBS containing 0.05% Tween 20 (PBST) and incubated with infectious CHIKV cell culture supernatant (titer 10 7 PFU/mL) for 3 h at room temperature with gentle rocking. The membrane was again washed thrice and incubated with 1: 100 dilution of anti-CHIKV polyclonal antibody (Cat. No. 04-0008; IBT Bioservices, USA) for 2 h at room temperature. Following another round of washing with PBST, secondary incubation was carried out with anti-rabbit biotinylated antibody (Cat. No. AP182B; Millipore, USA) for 1 h at room temperature. The membrane was further incubated with streptavidin peroxidase conjugate for 45 min at room temperature and washed thoroughly with PBST. The cell membrane protein/(s) interacting with CHIKV was detected by chemiluminescence using a commercial kit following the manufacturer's instructions (Thermo Scientific).
MALDI-TOF/-LC-MS Analysis
The virus overlay protein binding assay (VOPBA) membrane and the SDS-10% PAGE of C6/36 cells were aligned and the region in the gel corresponding to the positive band/s in the VOPBA was excised and processed for MALDI-TOF (matrix-assisted laser desorption ionization -time of flight). C6/36 gel band was submitted to the Centre for Cellular and Molecular Platforms (C-CAMP), Bangalore, for mass spectrometry analysis following the standard protocol [17] . The generated data was searched for the identity of the peptides on the Mascot search engine using the SwissProt database.
Infection Inhibition Assay to Ascertain the Role of Cell Surface
Proteins by IFA To ascertain the role of heat shock cognate 70 (HSC 70) protein in CHIKV entry into C6/36 cells, a "dose-dependent infection inhibition" assay was designed using monoclonal antibody against HSC 70. C6/36 cells (0.05 × 10 6 cells/mL) grown on coverslips in 24-well tissue culture plates were pre-treated with two concentrations (1: 50 and 1: 100) of anti-HSC 70 monoclonal antibody (Cat. No. MA3-014; ThermoFisher Scientific, USA) for 3 h. Anti-actin antibody (1: 100) (Cat. No. A2066; Sigma-Aldrich) was used as control. Cells were washed with sterile media and infected with CHIKV at MOI of 1 for 1 h in a 27 ° C incubator. The virus was withdrawn and the cells were replenished with fresh medium. After 48 h, the cells were fixed with 4% paraformaldehyde and stained for the presence of CHIKV antigen by IFA as described earlier.
Infection Inhibition Assay to Ascertain the Role of Cell Surface Proteins by Plaque Reduction Assay
In order to confirm observations obtained in the IFA using anti-HSC 70 monoclonal antibody, a virus yield reduction assay was carried out. Suspension cultures of C6/36 were incubated in triplicate with (i) anti-HSC 70 antibody (1: 50 and 1: 100), (ii) antiactin antibody (nonspecific antibody control), or (iii) PBS (virus control) for 2 h at 27 ° C with intermittent rocking. Subsequently, MOI of 1 CHIKV was added to all the tubes which were further incubated for 2 h at 27 ° C with intermittent swirling. Cells were then pelleted down by centrifugation at 2,500 rpm for 15 min at 4 ° C. The supernatant was discarded; cells were resuspended in 1 mL media containing 10% FBS, plated onto coverslips in a 24-well plate and allowed to grow for 48 h. Cells were subjected to three freeze-thaw cycles to release the cell-bound virus. This cell culture fluid was used to perform the plaque assay using Vero cells to enumerate viral particles.
Co-Immunoprecipitation and Western Blot Analysis
The co-immunoprecipitation (Co-IP) assay was performed following a protocol described earlier [15] . C6/36 membrane protein (150 μg) was incubated with CHIKV suspension. The proteins were allowed to interact for 2 h on a rocker at 4 ° C in the presence of 2× IP buffer (2% Triton X-100, 0.1% NP 40). Next, the complex was incubated with anti-HSC 70 antibody overnight at 4 ° C. This immune complex was separated by reacting with Protein G agarose beads (Santa Cruz Biotechnology, USA) for 2 h on a rocker at 4 ° C. After washing the beads thrice with 1× IP buffer, bound proteins were eluted using RIPA buffer (25 mM Tris, 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% NP 40, PMSF), resolved by 10% SDS-PAGE, and Western blotted on nitrocellulose membrane. The presence of CHIKV E protein and HSC 70 in the HSC 70-CHIKV complex was detected using anti-CHIKV antibody and anti-HSC 70 antibodies. The signal was detected by chemiluminescence.
Additionally, the immune complex formed by C6/36 membrane protein-CHIKV was incubated with anti-CHIKV antibodies and subsequently separated using Protein G agarose beads. After washing, the proteins were eluted, resolved by 10% SDS-PAGE, and a Western blot was performed. The presence of HSC 70 and CHIKV E protein in the complex was detected by probing with anti-HSC 70 and anti-CHIKV antibodies. Normal rabbit serum was used as control.
Surface Expression of CHIKV-Interacting Protein/s on C6/36 Cells
To detect the cellular localization of HSC70 in C6/36 cells, Western blot analysis was carried out. The cell membrane and cytoplasmic extracts were resolved on SDS-10% PAGE followed by Western blot analysis using anti-HSC 70 antibody as described above. The membrane and cytosolic fractions used were assessed by Western blot for relative purity using antibodies to GAPDH (Cat. No. PA1-987; ThermoFisher Scientific) which is abundant in the cytosolic fraction compared to the membrane fraction. Additionally, IFA was performed on C6/36 cells to reconfirm the distribution of membrane and cytoplasmic HSC 70 protein. Briefly, C6/36 cells were seeded at a density of 10 5 cells/well in a 24-well plate at 27 ° C in triplicate. After 24 h, the cells were fixed using 4% paraformaldehyde at room temperature. The cells in one well were permeabilized using chilled 0.5% Triton X-100 while the other set was not permeabilized. IFA was performed using anti-HSC 70 antibody followed by FITC as mentioned earlier. Anti-CHIKV antibody was used as negative control. 
Flow Cytometry Analysis
Depletion of HSC 70 Using Quercetin in C6/36 Cells
A stock solution of quercetin (1 mM) (Cat. No. Q0125; SigmaAldrich) was prepared in 0.2% dimethyl sulfoxide (DMSO). The stock was diluted using M&M medium. Concentrations of 100 and 50 μM quercetin were selected based on earlier studies and tested on C6/36 cells to ensure that there was no toxicity and the cell viability was not compromised [15] .
Monolayers of C6/36 cells were grown on coverslips in a 24-well plate as described previously. Cell monolayers were treated with concentrations of 100 and 50 μM quercetin for 6 h at 27 ° C. After incubation, quercetin was withdrawn and the cells were washed twice with plain medium. One set of quercetin-treated cells and untreated cells were infected with CHIKV at MOI of 1. Another set of quercetin-treated cells and untreated cells were used as controls. Infectious cell supernatant was harvested after 48 h and the plaque assay was performed to check virus yield.
Depletion of HSC 70 Using YM-01 in C6/36 Cells
A stock solution of YM-01 (10 µM) (Cat. No. SML0943; SigmaAldrich) was prepared which was further diluted using M&M medium. Concentrations of 0.25, 0.50, 0.75 and 1 μM YM-01 were selected based on earlier studies and tested on C6/36 cells to ensure that there was no toxicity and the cell viability was not compromised [18] .
Monolayers of C6/36 cells were grown on coverslips in a 24-well plate and treated with different concentrations of YM-01 for 6 h at 27 ° C. After incubation, YM-01 was withdrawn and the cells were washed twice with plain medium. One set of YM-01-treated cells and untreated cells were infected with CHIKV at MOI of 1. Another set of YM-01-treated cells and untreated cells were used as controls. The virus was withdrawn and the cells were replenished with fresh medium. After 48 h, the cells were fixed with 4% paraformaldehyde and stained for the presence of CHIKV antigen by IFA as described earlier. Additionally, infectious cell supernatant was also harvested and the plaque assay was performed to check virus yield.
Results
Indirect Immunofluorescence Assay to Confirm CHIKV Infection of Cell Lines
CHIKV-induced cytopathic effects, characterized by loss of cell morphology leading to disruption of cell monolayers, were observed only in infected Vero cells. The presence of apple green fluorescence in infected C6/36 and Vero cells confirmed CHIKV infection (Fig. 1) .
VOPBA to Identify Surface Molecules on C6/36 Cells That Interact with CHIKV
To identify proteins present on C6/36 cell surface that interact with CHIKV envelope protein, VOPBA followed by MALDI-TOF analysis was carried out. As evident from Figure 2 , a distinct band of an approximate molecular mass of 70 kDa was identified in the cell membrane protein fraction lane with membrane fractions of C6/36 cells. However, no CHIKV-interacting band/s was observed in the lane containing C6/36 cytoplasmic protein fractions (Fig. 2) . A 70-kDa protein present in the membrane fraction of C6/36 cells was identified as a CHIKV-interacting protein. In order to establish the identity of this protein, the Coomassie stained gel containing C6/36 membrane protein ( Fig. 2) was aligned with the VOPBA membrane and the band corresponding to ∼70-kDa protein was excised and processed for MALDI-TOF analysis. As evident from the figure, amidst the numerous proteins identified by SDS-PAGE in the crude C6/36 membrane protein fraction, only a single putative CHIKV-interacting protein band was identified in the VOPBA membrane. Hence this band was further processed for identification. 
Mass Spectrometry and Mascot Analysis of C6/36 Proteins Interacting with CHIKV
The lists of proteins generated through LC-MS/MS (liquid chromatography -mass spectrometry/mass spectrometry) analysis of the tryptic digested protein product obtained on LC-MS/MS analysis are tabulated (Table 1) . A homology search employing the Mascot search engine and the SwissProt protein database identified several probable proteins. An algorithmic approach was adopted to identify the most likely protein to serve as CHIKV receptor on C6/36 cells. The list of proteins generated by the Mascot search was arranged in descending order of homology scores. Proteins which had more than ten unique peptides were filtered. The four proteins were found to be arranged in descending order of peptide spectrum matches. The filtered data was then manually inspected for the molecular weights, nature of the protein, likelihood of it being present on the cell membrane, and region of excision of the CHIKV-reacting C6/36 membrane protein band. Based on these criteria, HSC 70 protein (molecular (Table 1 ). All the other proteins were not taken up for subsequent analysis as they did not fulfil the requirements of the algorithm.
Immunofluorescence Assay with anti-HSC 70 Monoclonal Antibody Depicting Inhibition of CHIKV Infection in C6/36 Cells
The "infection inhibition" immunofluorescent assay performed using monoclonal antibody to HSC 70 revealed that pre-incubation of C6/36 cells with increasing concentrations of anti-HSC 70 antibody inhibited viral infection in a dose-dependent manner (Fig. 3) . On the other hand, C6/36 cells pre-incubated with anti-actin antibody did not exhibit any decrease in infection compared to virus control. (Fig. 4) .
Infection Inhibition by Plaque Reduction Assay Using Anti-HSC 70 Monoclonal Antibody
Co-IP Assay to Confirm that HSC 70 Present on C6/36 Cell Surface Interacts with CHIKV E Protein
Interaction between HSC 70 and CHIKV E protein was demonstrated by Co-IP experiments. The immunoprecipitated complex (C6/36 membrane + CHIKV and incubated with anti-HSC 70 antibody) obtained after the pull-down assay was resolved in 10% SDS-PAGE and transblotted. The presence of both CHIKV E protein (∼45 kDa) and HSC 70 (∼70 kDa) in the complex was confirmed by Western blot analysis using the respective antibodies (Fig. 5) .
Similarly, the immunoprecipitated complex (C6/36 membrane + CHIKV and incubated with anti-CHIKV antibody) obtained after the pull-down assay was resolved in 10% SDS-PAGE and transblotted. The presence HSC 70 protein (∼70 kDa) and CHIKV E protein (∼45 kDa) in the complex was confirmed by Western blot analysis using the respective antibodies (Fig. 5) .
Demonstration of Surface Expression of HSC 70 on C6/36 Cells Using Western Blot, Immunofluorescence Assay, and Flow Cytometry
The presence of HSC 70 on C6/36 membrane as well as in the cytoplasm was confirmed by Western blot analysis. A lone band corresponding to ∼70 kDa was observed for the membrane fraction and cytoplasmic fraction of C6/36 cells (Fig. 6) . The presence of HSC 70 on the surface of C6/36 cells was re-confirmed by performing indirect IFA with cells under permeabilized and nonpermeabilized conditions. Anti-CHIKV antibody was used as a negative control in the experiment. The results showed that HSC 70 was present both in the cytoplasm (permeabilized) as well as on the cell membrane (nonpermeabilized) of C6/36 cells (Fig. 7) .
Flow cytometry analysis was performed on uninfected and CHIKV-infected C6/36 cells to determine the pattern of cell surface HSC 70 expression at 24, 48, and 72 h PI. The intrinsic background fluorescence (nonspecific) of the uninfected cells is shown in Figure 8 . The results indicated that there is an increase in the HSC 70 protein expression after 24 h PI and a drop in the expression level 48 h PI onwards (Fig. 8) .
Quercetin Treatment Depletes HSC 70 on C6/36 Cell Surface Resulting in Reduced Virus Entry
Quercetin is a plant-derived flavonoid which is known to deplete heat shock protein 70 family members [19] . C6/36 cells were treated with 50 and 100 µM of commercially procured quercetin as described earlier [15] . As evident from the IFA, near complete depletion of surface HSC 70 was observed in quercetin-treated cells compared to control (Fig. 9) . Further, the plaque assay performed using cell supernatant of quercetin-treated C6/36 cells infected with CHIKV exhibited a significant reduction in the number of plaques compared to supernatant from cells infected with CHIKV but not treated with quercetin (Fig. 9) . The number of plaques obtained with untreated cells was 2.93 × 10 5 PFU/mL. On the other hand, 40% reduction (1.66 × 10 5 PFU/mL) and 76% reduction (0.55 × 10 5 PFU/mL) were observed when cells were treated with 50 and 100 µM of quercetin, respectively (Fig. 9) . This further confirms the role of HSC 70 as a putative CHIKV receptor in C6/36 cells.
YM-01 Treatment of C6/36 Cells Inhibits HSC 70
Resulting in Reduced CHIKV Infection YM-01 is a small molecule inhibitor of HSC 70 [18, 20] . C6/36 cells were treated with increasing concentrations (0.25, 0.50, 0.75, and 1 µM) of commercially procured YM-01. The "infection inhibition" immunofluorescent assay revealed that pre-incubation of C6/36 cells with increasing concentrations of YM-01 inhibited viral infection in a dose-dependent manner (Fig. 10) . On the other hand, C6/36 cells pre-incubated with anti-actin antibody did not exhibit any decrease in infection compared to virus control. Further, the plaque assay performed using cell supernatant of YM-01-treated C6/36 cells infected with CHIKV exhibited a significant reduction in the number of plaques compared to supernatant from cells infected with CHIKV but not treated with YM-01 (Fig. 11) . The number of plaques obtained with untreated cells was 4.03 × 10 5 PFU/mL. On the other hand, 42% reduction (2.4 × 10 5 PFU/mL), 60% reduction (1.65 × 10 5 PFU/mL), 65% reduction (1.47 × 10 5 PFU/mL), and 85% reduction (0.63 × 10 5 PFU/mL) were observed when cells were treated with 0.25, 0.50, 0.75, and 1 μM of YM-01, respectively (Fig. 11) . This further confirms the role of HSC 70 as a putative CHIKV receptor in C6/36 cells.
Discussion
For any cell surface molecule to qualify as a virus receptor it has to be located on the cell surface, interact with viral proteins, and anti-receptor antibodies or soluble receptors have to inhibit viral infection. CHIKV infection of C6/36 cells was confirmed by IFA (Fig. 1) . VOPBA is a classical technique to select physiologically relevant virus binding molecules on host cell membranes and subsequently identify them by mass spectrometry analysis [15, 21] . Following this approach, a ∼70-kDa protein present in the membrane fraction of C6/36 cells was found to interact with CHIKV (Fig. 2) . The MALDI-TOF analysis of the ∼70-kDa protein exhibited a high degree of homology to HSC 70 protein (Table 1) , which has a molecular weight of ∼72 kDa (SwissProt). Although there were sev- eral other proteins that were detected in the Mascot search analysis, none of them were analyzed further as they were not considered to be bona fide candidates based on the criteria in the algorithmic approach adopted in this study. A series of experiments were performed to demonstrate the localization of HSC 70 on the C6/36 cell surface. A Western blot analysis of the membrane and the cytoplasmic protein preparations of C6/36 cells probed with anti-HSC 70 antibody indicated the presence of HSC 70 in the cytosol as well as membrane protein fractions (Fig. 6) . Immunofluorescence assay using anti-HSC 70 antibody performed on nonpermeabilized cells revealed that HSC 70 protein was expressed on the cell surface of C6/36 cells (Fig. 7) . Even though HSC 70 does not have an export signal sequence, it has been demonstrated on the surface of various cell types such as Hep2, BHK 21, MA 104, Caco-2, and C6/36 [22, 23] .
Further, flow cytometry showed that the mean fluorescence for HSC 70 protein was higher in CHIKV-infected cells at 24 h PI compared to uninfected cells at the same time point (Fig. 8) . Interestingly, there was a progressive drop in the fluorescence intensity at 48 and 72 h PI. Proteomics profiling of CHIKV-infected C6/36 cells also revealed a similar pattern of HSC 70 protein expression wherein an increase was noted in cells at 24 h PI followed by a reduction during 48 and 96 h PI [24] . An earlier study on Japanese encephalitis virus-infected Neuro2a cells also reported a reduction of the surface fluorescence for Hsp 70 after 48 h compared to 24 h PI [15] .
The lateral mobility of most receptor molecules in the plasma membrane is known to allow the formation of a local microdomain rich in receptors under the bound virus where the composition and properties differ from those in the surrounding membrane [25] . This in turn gives rise to a possibility of receptor clustering on the cell membrane at 24 h which reduces considerably at later time points when most of the cells get infected. The results therefore re-confirmed the presence of HSC 70 on the C6/36 cell surface and its involvement with CHIKV entry during infection. After demonstrating that HSC 70 is present on the surface of C6/36 cells, the interaction of cell surface HSC 70 with CHIKV protein was studied by Co-IP (pull-down) assay. The Western blot analysis of the immunoprecipitated protein complex demonstrated the presence of CHIKV envelope protein (Fig. 5) . Further, anti-HSC 70 antibody competitively inhibited CHIKV entry into C6/36 cells in a dose-dependent manner as confirmed by IFA and plaque reduction experiments (Fig. 3, 4) . The inhibition was specific as actin antibody at the same dilu- tion did not show any infection inhibition. These results therefore suggest that HSC 70 is crucial for viral attachment/entry into C6/36 cells. Quercetin, a flavonoid, is an inhibitor of heat shock protein synthesis [26] . C6/36 cells treated with quercetin led to a depletion of cell surface HSC 70 (Fig. 9 ) as observed by IFA. A reduction in the number of plaques obtained with CHIKV-infected C6/36 cells pre-treated with quercetin compared to those obtained with untreated cells confirmed that HSC 70 on C6/36 cell surface is indeed required for CHIKV infection (Fig. 9) . Additionally, cells treated with an allosteric inhibitor of HSC 70, YM-01, prior to CHIKV infection exhibited a dose-dependent infection inhibition by IFA and plaque assay experiments, thereby reiterating the role of HSC 70 during CHIKV infection (Fig. 10, 11) . Previous studies have shown that treatment of human hepatoma cells with nontoxic concentrations of YM-01 significantly reduced hepatitis C virus yield [18] . The heat shock protein 70-kDa (Hsp 70) family is ubiquitously synthesized in almost all species and consists of phylogenetically conserved molecules which function as molecular chaperones and play critical [27] . Heat shock proteins help to protect cells from a wide array of stresses like elevated temperature and infection [28] . As an intracellular polypeptide, Hsp 70 can be exposed on the plasma membrane and/or released into the circulation [29, 30] . A wide array of cellular functions has been attributed to HSC 70, mostly through its cooperation with co-chaperones. The role of HSC 70 as a clathrinuncoating ATPase during clathrin-mediated endocytosis has been widely studied. Additionally, HSC 70 plays a crucial role in protein folding, protein degradation, cellular protein folding, and autophagy [31] . HSC 70 protein, present on the surface of different cells, has been implicated as a receptor for different viruses. The functional rotavirus receptor is a complex of several cell surface molecules that include HSC 70 [22] . Dengue, a flavivirus, was reported to interact with the HSC 70 protein among other housekeeping proteins for its entry into mosquito cells [32] . Further, HSC 70 has been proposed as a penetration receptor mediating Japanese encephalitis virus entry into C6/36 cells [23] . Earlier studies have reported that CHIKV exploits housekeeping molecules such as actin, HSP70, and STAT-2 to establish infection in the mammalian cells [33] . However, the role of these proteins as putative CHIKV receptors was not ascertained; instead the authors reported that CHIKV interacts with these proteins to establish infection in mammalian cells. In a separate study, prohibitin was identified as a CHIKV receptor on human microglial cells (CHME-5) [11] . Although CHIKV is transmitted by Aedes sp. mosquitoes, until recently few studies have been directed towards identification of virus receptors on mosquito cells. A combined approach consisting of VOPBA and mass spectroscopy identified ATPSβ, a component of the mitochondrial F1-Fo ATP synthase, as a CHIKV binding protein capable of mediating virus entry into C6/36 cells [12] . The infection inhibition assay performed by pre-treating C6/36 cells with anti-ATPSβ antibodies prior to CHIKV infection, followed by flow cytometry, demonstrated a maximal infection inhibition of 30%. The authors attributed this not so significant infection inhibition to the anti-(human) ATPSβ used in their study, which perhaps did not fully block the (insect)-ATPSβ-CHIKV E2 protein interaction. Further, the Co-IP experiment with C6/36 protein-CHIKV immunocomplex, incubation with anti-ATPSβ antibody, followed by Western blot and secondary incubation with anti-CHIKV E2 antibody, demonstrated the presence of CHIKV in the immunocomplex. However, the presence of ATPSβ in the immunocomplex could not be confirmed during the reverse Co-IP experiment [12] . ATPSβ was therefore reported as an important player in the CHIKV infection of mosquito cells indicative of a "conserved virus-arthropod interaction." Viruses have been reported to variably employ only a single receptor to infect their target cells or exploit several alternative cell surface proteins to initiate their replication in different cell lines or to enter the same cell type [34] . Additionally, viruses have also been reported to require multiple cell surface receptors to enter host cells [35] . The concept of multiple cell surface molecules forming a receptor complex to facilitate the entry of a virus, rather than a single receptor molecule, has been widely studied. The functional rotavirus receptor was reported to be a complex of several cell surface molecules that also include HSC 70 [22] . Similarly, human T-cell lymphotropic virus type 3 (HTLV-3) and dengue employs a complex of receptor molecules to bind to primary T lymphocytes and human cells [36, 37] .
As evident from the infection inhibition experiments performed by pre-incubating C6/36 cells with anti-HSC 70 antibodies in the present study, the dose-dependent infection inhibition was not absolute. Further experiments can therefore reveal whether CHIKV utilizes a receptor complex to enter C6/36 cells. However, the findings in the present study clearly substantiate a crucial role of HSC 70 as a putative CHIKV receptor on the surface of C6/36 cells.
